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Abstract: In this paper, the relationship between hydroelectric projects and the river environment is analyzed.
Recently, the large-scale regulation of runoff by large hydroelectric projects in the Ningxia Reach of the
Yellow River has altered natural runoff processes, causing an increase in the probability of low discharge and
an overall adjustment of riverbed evolution and river characteristics. During low-flow years, the combined
effects of these two changes can weaken the self-purification capacity and reduce the water environmental
capacity of the river. This is one of the main reasons for the recent decrease of water quality in the Ningxia
Reach. This research shows that it is necessary to implement river training projects to maintain stable flow
paths, not only for adjusting river regimes and for flood control, but also for increasing the self-purification
capacity and the water environmental capacity of the river. Methods and proposals for coordinating the
operation of hydroelectric projects with the protection of the river environment are presented in the interest of
promoting sustainable development.
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1 Introduction
There is a strong relationship between runoff, sediment, the riverbed boundary and water
quality in an alluvial river system. Under natural conditions, the river system is in balance
with the environment and ecology. In many river systems, the boundary conditions, runoff
conditions and environment have been greatly altered by the operation of large hydroelectric
projects, resulting in some changes in the downstream riverbed and water environment, such
as destabilization of the river channel, channel shrinkage, zero flow, the increase of ice jams,
deterioration of water quality, and destruction of the ecological balance in certain reaches
(HIYRCC 1993). Since 1970, many scholars at home and abroad have been concerned with
these problems, and some concepts and innovations have been put forward, including “river
rehabilitation” and the “green way” (Liu and Yu 2001; Tang et al. 2002; Wang and Li 2003). In
view of the recent water quality changes in the Ningxia Reach of the Yellow River, the authors
analyze the impact of hydroelectric projects, particularly of changes in runoff, on the river
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environment.
2 Impact of upstream reservoirs of the Yellow River on runoff in
the Ningxia Reach
Since the 1960s, several reservoirs have been put into operation in the upper Yellow
River, of which the Liujiaxia Reservoir and the Longyangxia Reservoir are the two largest
(Figure 1). The former is a seasonal reservoir and the latter is a year-to-year one. Flood
investigation shows that over 93% of the runoff in the Ningxia Reach of the Yellow River
originates upstream of Lanzhou. Since the beginning of the operation of the Liujiaxia (1968)
and Longyangxia (1986) reservoirs, they have been the main factors affecting runoff in the
reach from Ningxia to Inner Mongolia. The recent and significant changes in the water amount
and runoff process in the Ningxia Reach are caused by the mass regulation of these two
reservoirs. The impacts are described below.
Figure 1 Sketch of the upper and middle Yellow River
2.1 Change of the distribution of annual runoff and runoff process
Since these two reservoirs went into operation, the flood peak during the flood season has
been greatly reduced and the discharge has increased during the non-flood season, resulting in
a large decrease in the degree of non-uniformity of runoff distribution over a year. These
effects can be described by a variation coefficient of monthly average discharge:
vC Q
σ
= (1)
where vC is the variation coefficient of runoff processes;
( )2Q Q
n
σ
−
=
¦
, is the
standard variance; Q is the yearly average discharge of the river (m3/s); Q is the
monthly average discharge of the river (m3/s); and n is the number of months.
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Toudaoguai Station, standing at the dividing line between the upper and middle Yellow
River, has a long-term series of hydrological data. Analysis of statistical data (Table 1)
indicates that the value of vC after the two reservoirs’ construction is only 49.7% of that
before the construction. Because of year-to-year regulation of runoff, large amounts of water
intake along the river, and the effects of low-flow years, the total runoff shows a decreasing
trend and the annual runoff after 1986 is only 69.1% of what it was in the 1950s and 1960s.
The ratio of water quantity during the flood season to that throughout a whole year,
f y/W Wη = , can also help describe the distribution of water quantity over a year. The values of
η are listed in Table 1.
Table 1 Characteristic value of discharge at Toudaoguai Station
Time range fW (108 m3/year˅ η ˄%˅ vC
1934.07–1968.10 170.47 61.57 0.79
1968.11–1986.10 123.73 54.21 0.49
1986.11–1993.10 69.59 39.60 0.36
1993.11–1999.10 62.15 35.20 0.33
2.2 Decrease of flooding during the flood season
The regulation and operation of the two reservoirs mentioned above lead to a significant
decrease in runoff during the flood season and an increase during the non-flood season. Figure 2
shows how the monthly runoff was distributed over a year at Qingtongxia Station during
different periods. The change in runoff processes is due to the decrease in the probability of
large discharge during the flood season and the great increase in low-flow probability
throughout a year. Table 2 presents the statistical discharge data of four typical years at
Shizuishan Station, where a discharge of over 2000 m3/s was rare in the 1990s.
Figure 2 Distribution of monthly discharge at Qingtongxia Station
Table 2 Number of days of different grades of discharge at Shizuishan Station in different years d
Discharge range˄m3/s˅ 1975 1986 1993 1997
<1 000 34 217 269 273
1 000–1 500 142 108 72 70
1 500–2 000 116 30 23 21
2 000–2 500 61 15 1 1
2 500–3 000 12 0 0 0
>3 000 0 1 0 0
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Figure 3 Discharge and DO at Shizuishan Station
2.3 Feedback adjustment of river characteristics in the alluvial reach
Upstream of the Ningxia Reach of the Yellow River is a mostly unstable braided reach in
which the channel slope is between 0.078 7% and 0.052 5%. Downstream are mostly transitional
reaches and wandering reaches. Transitional reach transforms from a branching reach into
wandering one. Wandering reach has a wide and shallow cross section and its main stream
sways acutely. For both, the channel slope is generally between 0.018 4% and 0.015 1%. In
recent years, the variation in runoff caused by the operation of large hydroelectric projects has
changed the sediment-flow conditions at the entrance of the Ningxia Reach on one side. On
the other side, this variation has had significant effects on the fluvial processes (river
characteristics). More precisely, it has decreased the capacity of the river to transport water
and sediment, resulting in channel deposits in some parts of the alluvial reach (especially the
wandering reach), a decrease of carrying capacity, a serious swing of the sinuous reaches, and
an increase of the plane meandering coefficient. In a word, it has created a series of new
problems for river training and flood control. At the same time, the decrease of the river’s
carrying capacity and the adjustment of the riverbed form may also lead to a reduction of the
biodegradation and self-purification capacity of the river. The aforementioned has affected the
recent status of the water environment in the Ningxia Reach.
3 Impact of runoff process on river environment
A river’s environmental state is usually described by its water quality and
self-purification capacity. On one hand, new towns, factories and mines along the Ningxia
Reach have sprung up rapidly, leading to a great increase in pollutants discharged into the river.
This is the basic reason for the recent river pollution. On the other hand, from the late 1980s
on, the decrease in total annual runoff caused by continuous low flows, and the change in
runoff processes caused by the operation of hydroelectric projects have affected the dilution
and self-purification capacity of the river remarkably. The quality of the river environment has
seriously decreased.
Large-scale hydroelectric projects may influence the water environmental capacity (water
quality) of the river in certain ways, by controlling the runoff process and adjusting the river
channel’s shape, for example. Thus, the
appropriate reservoir operating conditions can
be determined. The relations between
reservoir operation, runoff, and water quality
are analyzed (Figure 2 and Figure 3). These
three factors demonstrate the influence of the
reservoir on the water environment, but this
influence is often ignored.
3.1 Characteristics of variation of water quality in the Ningxia Reach
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Figure 4 COD values at Shizuishan
Station in different years
Based on water quality data from the three hydrologic stations in the Ningxia Reach
(Xiaheyan, Qingtongxia and Shizuishan, shown in Figure 1) from 1984 to 1994, parameters
such as DO, COD and total amount of ion concentrations were analyzed. The period of
analysis encompasses recent years, especially those subsequent to the beginning of operation
of the two reservoirs (Longyangxia and Liujiaxia), which greatly changed the runoff
conditions. Statistical analysis shows the following:
(1) DO decreased year by year. At Shizuishan Station, for example, the yearly average
DO was about 10 mg/L in the 1960s, and a little more than 9 mg/L in the early 1980s. After
1986, it decreased to about 8 mg/L. Although the DO level fluctuated, it had a downward trend.
After 1990, it remained at a level of 7 mg/L. The
decrease in DO completely coincides with the
decrease in runoff caused by reservoir operation
(Figure 3).
(2) COD values increased year by year. Figure 4
shows that the COD increased slowly from 1984 to
1990, but much more rapidly after 1991, with the
great increase in river pollution. The COD value for
1993 was 3.2 times that of 1984. During the
non-flood season it increased even more. Generally, the water quality in the Ningxia Reach
had a downward trend.
3.2 Reasons for water quality change in recent years
The water quality of the river is related to the amount of pollutants draining into it and its
self-purification capacity. The biodegradation of pollutants and the re-aeration and purification
capacity of the river are usually reflected by the water environmental capacity W:ǂ
( )b n, , , , /W F C C Q Fr L R= (2)
where Fr is the Froude number, bC is the background value of pollutant concentration,
nC is the water quality standard of the reach, L is the length of river, and R is the hydraulic
radius.
Under certain watershed conditions and in certain hydrological states, the background
value of water quality is certain. The water quality standard can be determined by the level of
usage of the society, while the quantity of drained pollutants is closely related to human
activities. Besides, what determine the river’s self-purification capacity are primarily the
important flow factors and the characteristics of the riverbed. The meteorological data show
that, although the amount of rainfall did not significantly change around 1986, the amount of
runoff decreased substantially after 1986. This was due to the operation of the Longyangxia
Reservoir. Since the 1980s, the change in water quality in the Ningxia Reach has been directly
and closely connected with the increase of the quantity of pollutants draining into it from the
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factories around Shizuishan Station. We should also note that it is in this period (especially
after 1986) that the Longyangxia and Liujiaxia reservoirs have substantially regulated the
runoff, resulting in an acute change of water-sediment conditions and riverbed patterns.
3.2.1 Relationship between flow change and water quality
Variation in discharge (or velocity), an important flow factor, can affect water quality by
altering the self-purification capacity of the river. The effect of hydroelectric projects’
operation on runoff is mainly the reduction of the probability of high flows. Thus, the flow
intensity of the river decreases greatly. Because re-aeration and purification are closely
connected with the turbulent-diffusion effect of flow, a decrease in the capacity for re-aeration
and purification causes COD to increase and DO to decrease. Although reservoir regulation
during non-flood seasons can lead to higher discharge, there is also a sharp increase in the
quantity of pollutants draining into the river during this period. This, added to the channel
shrinkage and the ice cover that hinders re-aeration, which is caused by reservoir operation,
makes it more apparent that water quality deteriorates during non-flood seasons.
Comprehensive analysis indicates that, in addition to sewage, the reduction of runoff is also
one of the important reasons for the recent degradation of water quality in the Ningxia Reach.
Analysis of the relationship between water quality and discharge at Xiaheyan,
Qingtongxia and Shizuishan stations shows that human activity near those stations weakens
the correlation between the two. But the effect of discharge on the self-purification capacity of
the river is still apparent, as shown in Figures 5 and 6. The data in the low-discharge range are
scattered due to the effect of the change in sewage volume (Figure 5). When Q < 1 000 m3/s,
and especially when Q < 500 m3/s, the river’s environmental capacity is very low and its
self-purification capacity is insufficient, so the influence of pollution from factories is very
strong. But the concentration of ions follows the logarithmic decrement law with the increase
of discharge:
= 89.71ln +1029.4C Q− (3)
where C is the concentration of ions (mg/L), and Q is the discharge (m3/s).
Figure 5 Relationship between ion concentration Figure 6 Relationship between COD and
and discharge at Xiaheyan Station discharge at Qingtongxia Station
Figures 5 and 6 show that, at different stations and for different indices of water quality,
the measured data related to the effect of social factors, such as the variation of sewage runoff,
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are relatively scattered when Q < 1 000m3/s. With the increase in channel discharge and the
improvement of the self-purification capacity of the river, the decreasing trend of pollutant
concentration showed no change. The relationships between all the indices of water quality
and discharge correspond to Eq. (3). When Q > 1 100 m3/s in the Ningxia Reach, the water
quality is good, and when Q < 600 m3/s, water quality decreases acutely, demonstrating that
the reduction of runoff leads to the worsening of the water environment throughout the river.
In order to prevent water quality from deteriorating, the upstream reservoirs must ensure a
minimum discharge of no less than 500 m3/s during the time of regulation, and increase the
opportunity for high flows (Q = 1 000–2000 m3/s)
Shizuishan is an important industrial area beside the Yellow River. Many enterprises,
such as a steel factory and a coke factory, were constructed between 1984 and 1994, and a vast
amount of industrial waste drained into the Yellow River during this period. Water quality
upstream is at about the third level of the Environmental Quality Standards for Surface Water
in China, but the quality of water flowing through Shizuishan drops to the fourth or fifth (the
lowest) level. Investigation shows that pollution discharge has not changed significantly since
the 1990s, but the water quality at Shizuishan Station has continued to decline since then
(Figure 4). This phenomenon is directly related to the decrease of runoff in this period. The
situations at Bayangaole Station and Baotou are similar to that at Shizuishan.
In order to display the impact of the operation of hydroelectric projects on river water
quality in Figure 6, the author divides the data into periods before and after 1986, when
Longyangxia Reservoir was put into operation. The water quality indices of the two different
periods of time differ even when the discharge is the same (shown in the trend lines of the two
periods in Figure 6). Generally, at the same discharge, the pollution density after 1986 was
higher than it was before 1986. The largest COD value is two times the smallest one during
the two periods. First of all, this is directly connected with the increase in sewage volume
upstream. Second, the operation of reservoirs changes the runoff conditions and decreases the
flow intensity through the uniformity of flow processes, so the river’s self-purification
capacity decreases. Meanwhile, the regulation of the alluvial remodeling of the riverbed also
reduces the new river’s self-purification capacity considerably, which lessens the
corresponding environmental capacity.
3.2.2 Impact of channel formation pattern change on water quality
The braided reaches of the Ningxia Reach of the Yellow River have many center bars,
and some are developing river bends. In the wandering reach, the riverbed is wide and shallow,
and its main stream often sways. The flood water in the channel goes through the center of the
river and results in sand bank deposition (He et al. 2005), while low water stays in the bend
and erodes the bank. The flood water over the sand bars makes an important contribution to
stabilizing the main channel. When  2000Q = –  33000 m /s , this kind of middle flow has a
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significant effect on the formation of the riverbed. After the operation of the Longyangxia and
Liujiaxia reservoirs began, the runoff and sediment conditions changed, and because the river
itself has feedback and regulating functions, the alluvial river remodeled the riverbed to some
extent.
The runoff adjustment made by the reservoirs reduces the peak discharge, the opportunity
of overland flow decreases, and the duration of low flow increases, destroying the former
balance of erosion and deposition in the river. Low flow that stays in the bend for a long time,
along with seriously eroded banks, causes the main stream to sway acutely, and the riverbed
becomes more unstable. Study shows that the increase of the channel cross-swaying degree
between the Ningxia and Inner Mongolia reaches in the last 10 years is closely connected with
the change in the in-sediment coefficient ( S Q ) caused by the operation of reservoirs and the
disturbance to the runoff processes downstream (ı or vC ). The authors studied the measured
data of this reach and obtained an equation for the plane meandering coefficient of a typical
river bend (Li and Sun 1996; Karim and Kennedy 1987):
( )0.124 0.0981.003 vS Q Cζ −= (4)
where ζ is the plane meandering coefficient. The low flow stays in the bend and flushes the
bank, which enhances channel deposits and causes the thalweg to rise. It can also cause the
channel to become more wide and shallow, so that the flow spreads out. Figure 7 shows that
the river morphological relations from Qingtongxia to Shizuishan (Jingxi and Hongyazi are 30
km and 50 km from Rencun, respectively) increased significantly from 1979 to the 1990s, as
evidenced by the index of river morphological relations ( B H , where B and H are the width
and depth of the river channel, respectively), which in 1993 was almost three times higher
near Hongyazi Station than in 1979. These clearly reflect the impact of runoff change, caused
by operation of reservoirs, on the cross section pattern of the river.
Figure 7 Varying profile of river morphological relations in Qingshi Reach
( )L R ζ , a plane geometrical index of the riverbed, and B H have changed greatly
during the course of the remodeling of the riverbed in the Ningxia Reach in recent years, and
they directly affect the water environmental capacity of the reach. The river sways acutely, the
flow path meanders, the length of the river increases, and the longitudinal slope of the reach
decreases. These changes make flow shallower and wider. The hydraulic radius R decreases,
the discharge per unit width decreases, and the diffuse-turbulent strength of the flow decreases,
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weakening the dilution and purification capacity of the river. Moreover, because flood water
brims over the broad sand bank less frequently, the sand bank’s self-purification function does
not work properly. The total water environmental capacity of the river also decreases. All of
the above show that, just like the decrease of discharge, the adjustment of riverbed formation
patterns in response to the change of runoff conditions also leads to a reduction of the water
environmental capacity and a decrease in the self-purification capacity of the river (Dong and
Huang 2005).
4 Conclusions
Analysis of the recent decrease in the quality of the water environment in the Ningxia
Reach of the Yellow River indicates that the protection of the water environment in rivers
needs greater effort and coordination. First, effective measures should be taken to strictly and
reasonably control the volume of sewage that drains from towns, factories and mines into the
river. Second, it is necessary to consider comprehensive and reasonable distribution and
utilization of water resources throughout the whole river system and to ensure the flood
carrying capacity and water environmental capacity. Third, for the river on which the large
hydroelectric projects are built, the fluvial processes in the reach near the project need to be
seriously analyzed. The best operation mode that maintains the sustainability of the
hydroelectric project can be determined by controlling the discharge and utilizing water
resources reasonably. In general, it is necessary to coordinate the exploitation of water
resources and the construction of the hydropower project with the maintenance of the health of
the river system.
Research on the recent variation of water environmental quality in the Ningxia Reach
leads to the following conclusions:
(1) The large-scale regulation of runoff by large hydroelectric projects changes natural
runoff volume and its generation process and causes an increase of low discharge probability
as well as an overall adjustment of the riverbed formation pattern and river characteristics.
During low-flow years, these two changes can weaken the self-purification capacity and
reduce the water environmental capacity of the river. This is one of the main reasons for the
recent decrease in water quality in the Ningxia Reach.
(2) Discharge is the main dynamic factor determining the self-purification capacity of the
river. In order to prevent water quality from worsening in the Ningxia Reach and maintain the
ecological balance of the river system, the river discharge should not fall below 500 m3/s for a
long period of time, and the probability of discharge between 1 000 and 2 000 m3/s should be
increased as much as possible.
(3) The increase of the degree of cross-swaying of the Ningxia Reach channel in the last
10 years is closely related to the change in S Q caused by the operation of the reservoirs and
the degree of disturbance to the runoff processes downstream. An equation for the plane
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meandering coefficient of the typical river bend, utilizing S Q and vC , has been provided.
(4) Intensive swinging of river bends and shrinkage of the main channel are the primary
reasons for the reduction of the river’s environmental capacity. River training projects that
maintain stable flow paths and suitable patterns of riverbed formation are necessary not only
for river regime adjustment and flood control, but also for increasing the self-purification
capacity and the water environmental capacity of the river.
(5) In order to prevent river water quality from worsening, maintain the health of the river
system, and ensure the sustainable development of hydroelectric projects, it is necessary on
one hand to strictly control sewage drainage into the river, and on the other hand to regulate
and operate hydroelectric projects reasonably. In this way, the environmental quality of the
river can be protected and the sustainable development of water resources can be realized, but
the latter is often ignored. The departments concerned have recently begun to pay more
attention to these two goals and have already taken some effective measures.
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